The life span of normal human cells in culture is extended by two to four total life spans following retrovirus-mediated transfer of the adenovirus type 12 E1B 54,000-molecular-weight protein (54K protein). This extension of the in vitro growth potential was accomplished without any of the obvious changes in morphology or growth properties that are usually associated with viral transformation. These 54K ؉ cells escape the normal senescence checkpoint (M 1 ) and show a very extended secondary growth phase. The 54K ؉ human cells eventually enter crisis (M 2 ), which does not appear to be due to either telomere attrition or the activation of the senescence-associated proteins p21
Since the original observation that human cells have a finite life span in culture (38, 39) , human skin fibroblasts have been used to study the processes regulating normal growth and mortality. Factors which can undermine growth control, such as DNA tumor virus transforming proteins, chemical carcinogens, and ionizing radiation, have all been shown to increase the frequency of escape from mortality (immortalization) (2, 11, 41, 44, 46) . The agent which has been most intensively studied and has generated the greatest number of immortalized human cell lines is simian virus 40 (SV40) (reviewed in reference 9). The transforming proteins of SV40, large T antigen (Tag) and small t antigen (tag), are both required for the extension of the normal life span of human cells in culture (18) , although the human genome has to sustain additional mutations for immortal clones to develop (21) and for a malignant phenotype to be acquired (62) . SV40 transformation extends the culture life span of normal human cells by at least 20 population doublings (PD) (26) , but after this, the culture enters a static phase normally referred to as crisis; from these cultures, rarely growing clones emerge which on subsequent isolation are found to be immortal. This, with additional studies, led to the proposal of a scheme in which the normal life span of human cells in culture is referred to as mortality stage 1 (M 1 ) and the extended life span seen following the introduction of SV40 transforming genes is referred to as mortality stage 2 (M 2 ) (70) .
Cessation of growth of normal mammalian cells in culture has been defined as senescence, and cells in a senescent culture, although still biochemically active, no longer undergo mitosis. Hypotheses presented to explain the senescence process include the stochastic model, whereby the accumulation of abnormal macromolecules over the lifetime of the culture leads to cessation of growth (reviewed in reference 40) , and the programmed cell death model, in which senescence is an active process involving changes in the expression of certain genes (reviewed in references 9 and 27). More recently, it has been shown that during the life span of normal somatic cells the specialized DNA structures at the end of the chromosomes (telomeres) are eroded at each cell division (34) . Immortal cells, such as stem cells, tumor cells, and a high proportion of immortal transformed cell lines, express an enzyme, telomerase, that can repair these structures and maintain the length of the telomeres through indefinite cell divisions (15, 16, 37, 47) . It has been postulated that telomeres below a critical length may serve as a signal for cells to enter senescence. If this checkpoint is overcome without activation of telomerase, the telomeric sequences will continue to be lost until the ends of the chromosomes are susceptible to damage and the cells will then enter crisis (34) . The immortal clones that escape crisis are generally found to have activated telomerase, thereby preventing further telomere loss (17) , or to have used another mechanism for telomere maintenance which generates very large telomeres (10) .
As previously mentioned, the transforming proteins of the DNA tumor viruses SV40 (25, 26) , human papillomaviruses (HPVs) (45, 46) , and adenovirus (Ad) (11, 13, 25, 28) have all been shown to alter the growth control of human cells and increase the frequency of escape from the senescence process. To some extent, these viruses have a common mechanism, in that they target tumor suppressor gene products such as p53 and the retinoblastoma family of proteins (50, 74) and nuclear acetylases (4) , resulting in the uncoupling of cell cycle regulation. Integration of viral DNA into the host cell genome maintains the expression of the viral transforming genes with the consequent continuous stimulation of cells through the cell cycle. We and others have shown that normal human cells can be transformed and immortalized by the Ad E1 region (13, 25, 28, 68) . The E1 region contains two transcription units designated E1A and E1B. The E1A proteins are transcriptional regulators and bind to a number of important cellular proteins involved in growth control (5, 42) . The E1B proteins, designated 19K and 54K (19,000 and 54,000 molecular weights, respectively), have been shown to affect processes such as apoptosis (67) and the localization and function of p53 (31, 75) .
The E1A proteins produce the morphological changes associated with Ad transformation, and the E1B proteins, although not in themselves morphologically transforming (65) , nevertheless contribute to the frequency of transformation and the overall transformed and malignant phenotype (24) . The large E1B protein of the nononcogenic Ad type 5 (Ad5 E1B 58K) forms a complex with p53 (60) in transformed cells, and both proteins are sequestered into "dense bodies" outside the nucleus (75) . The equivalent protein in the oncogenic Ad12 (E1B 54K) has been shown, like the 58K Ad5 counterpart, to inactivate the transcriptional functions of p53 (31, 72, 73) , but only a small proportion of cellular p53 is found in a complex with Ad12 E1B 54K (30) . No study of the long-term consequences of the expression of either Ad2/5 or Ad12 E1B proteins in normal mammalian cells has been reported.
In the present study, Ad12 E1B 54K protein has been expressed in primary rodent kidney cells and normal human cells following infection with an amphotropic retrovirus carrying the Ad12 E1B 54K gene. The consequences of the introduction of this viral protein were monitored in terms of growth characteristics, culture life span, and telomere and telomerase status. Rodent cells expressing the 54K protein were genetically unstable, and morphological variants developed with time in tissue culture. Human cells were therefore also used in this study because they rarely spontaneously immortalize and they have tighter growth control than rodent cells (20, 43) . Evidence is provided that 54K protein expression in human cells significantly increases the life span and that this occurs in the absence of telomerase activation but with some interference with the normal telomere attrition process. On the basis of these data, we propose that, as 54K abrogates p53 function and p21 is not activated in the senescent 54K ϩ cultures, human cells have an additional senescence pathway which is independent of p21 Sdi1Cip1Waf1 (57) .
MATERIALS AND METHODS
Construction of the Ad12 E1B 54K retrovirus and growth of an Ad5-SV40 early-region recombinant virus. The gene encoding the Ad12 E1B 54K protein was excised from pAsc10.3 (12) by XhoII digestion and ligated to the parental retroviral vector, pLXSN (55) . The backbone structure of the pLXSN vector is based on the Moloney murine leukemia provirus, where expression of the inserted DNA is driven by the viral long terminal repeat. Recombinant Ad12 E1B 54K vector DNA (20 g) was electroporated into 10 6 cells of the PE501 ecotropic cell line which had been selected with hypoxanthine-aminopterin-thymidine (HAT) prior to use. The cells were serially diluted in the range of 10 Ϫ1 to 10 Ϫ4 and plated onto four 9-cm dishes in growth medium, and G418 (1 mg/ml) was added after 24 h. At 14 days postelectroporation, G418-resistant colonies were picked and expanded, and 54K expression was confirmed by Western blotting. The clones were then assessed for 54K ecotropic virus production on mouse 3T3 cells. Retroviral supernatant (1 ml) harvested from the best 54K ϩ PE 501 ecotropic packaging line was used to infect an 80% confluent dish of the amphotropic packaging cell line PA317 (54), which had been selected with HAT before use. The cells were then split, diluted, and selected as described above. After 14 to 21 days of G418 selection, isolated PA317 colonies of G418-resistant cells were picked and transferred to a 24-well plate, and G418 selection was maintained. Once these cells had been expanded, they were checked for 54K expression by Western blotting. High levels of 54K expression was seen in more than 70% of the PA317 clones. These were subsequently expanded, and supernatants derived from them were subjected to titer determination on exponentially growing A549 cells. Titers between 1 ϫ 10 3 and 3 ϫ 10 6 CFU/ml were obtained. The PA317 clone expressing the highest titer of recombinant Ad12 E1B 54K was subsequently expanded, the retroviral supernatant was harvested, Polybrene (6 g/ml) was added, and the virus stock was filtered through a 0.45-m-pore-size filter and stored at Ϫ80°C. This seed stock (AM-Ad12 54K) was then subjected to titer determination with A549 cells, and the absence of replication-competent helper virus was determined by standard procedures. An amphotropic retrovirus encoding the neomycin resistance gene from an internal SV40 early promoter, but with no Ad gene, was isolated (AM-Neo-1) and used as a control virus.
The Ad5-SV40 early-region recombinant virus, designated Ad5.SVR4, has an origin-minus early region of SV40 cloned into an Ad5 E1 deletion vector (kindly supplied by Y. Gluzman). This recombinant virus efficiently delivers the expression of both Tag and tag to mammalian cells. Ad5.SVR4 virus seed stocks were produced and subjected to titer determination with Ad5/293 cells (28) .
Tissue culture. Adult human HSFB1 and HSFB2 skin fibroblasts were provided by Malcolm Taylor, Institute for Cancer Studies, University of Birmingham, Birmingham, United Kingdom. These adult dermal fibroblasts (HSF) were obtained from healthy male volunteers aged 20 years. To determine the longevity of the HSF cell strains, normal cells were passaged at a 1:3 split ratio and E1B 54K ϩ cells were passaged at a ratio of 1:4. The growth medium was Dulbecco's minimal essential medium supplemented with 10% fetal calf serum, and the cells were passaged with trypsin and EDTA. Human embryo kidney cell cultures were set up as previously described (68) . G418 selection was maintained throughout the passaging of 54K ϩ cell lines. BALB/c mouse (BMK cells) and Hooded Lister rat kidney (BRK cells) cells were prepared (24) from 7-day-old animals.
The 54K ϩ human cells are referred to throughout the paper as cell strains and not cell lines because they are not immortal.
Measurement of TRF length by Southern blot analysis. Terminal restriction fragments (TRFs) were studied by a modification of the procedures described previously (33, 37) . Chromosomal DNA from the cell strains was prepared by gentle lysis as described previously (59) . Chromosomal DNA (1 g) was digested with HinfI and RsaI (Boehringer Mannheim Ltd.) and electrophoresed on a 6% agarose gel at 75 V for 14 h. The DNA was capillary blotted onto Hybond N (Amersham International) and hybridized with a telomere probe in 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at 65°C for 18 h. The blot was washed in 2ϫ SSC and 1ϫ SSC at room temperature. The probe was generated by labelling a 144-bp telomeric repeat DNA cloned in pUC19 with a (CCCTAA) 3 oligonucleotide primer, Klenow fragment of DNA polymerase I (Boehringer Mannheim Ltd.), and [␣-32 P]dCTP (Amersham International). The blot was analyzed on a Molecular Dynamics Phosphorimager, and the molecular weight of each TRF band was estimated from the position of the peak of intensity corresponding to that band. We have not attempted to calculate the average TRF length for each track by integration, as has been done previously, because we wished to identify and isolate individual bands within each lane. The telomeric nature of the high-molecular-weight bands in the 54K ϩ cells was confirmed by incubating 1 g of intact chromosomal DNA with 1 U of BAL 31 (New England Biolabs) for 0, 30, 60, and 90 min under the conditions recommended by the supplier. The DNA was then repurified and subjected to HinfI and RsaI digestion and Southern hybridization, as described above.
Telomerase assay. Telomerase activity was detected by the telomere repeat amplification protocol (TRAP) (47) . A total of 10 6 cells in phosphate-buffered saline were pelleted at 3,000 ϫ g for 6 min and then resuspended in 200 l of 10 mM Tris-HCl (pH 7.5)-1 mM MgCl 2 -1 mM EDTA-0.1 mM phenylmethylsulfonyl fluoride-5 mM ␤-mercaptoethanol-0. 32 P]dCTP, and 2 U of Taq polymerase. The assay mixture was incubated at 30°C for 30 min and then transferred to a thermal cycler for 31 cycles (94°C for 30 s, 50°C for 30 s, and 72°C for 45 s). Half of the sample was electrophoresed on a 10% polyacrylamide gel (National Diagnostics), which was subsequently dried and autoradiographed.
Indirect immunofluorescence staining. The cells were grown on glass slides in Dulbecco's minimal essential medium-8% fetal calf serum for 24 h and fixed in cold acetone (Ϫ20°C) for 3 min. The 54K and p53 proteins were detected with the XPH9 (53) and 1801 (3) murine monoclonal antibodies, respectively. Immune complexes were visualized with anti-immunoglobulin G subclass-specific fluorescein and rhodamine conjugates (Southern Biotechnology Associates). Confocal microscopy was performed with a Zeiss Axiphot fluorescence microscope, and images recorded with the Biovision software package (ImproVision) and a low-light-level video camera. The two channels were recorded independently, and pseudo-color images were generated and superimposed with Adobe Photoshop 3.0 software.
Western blotting. Actively growing or senescent cells were rinsed with ice-cold saline and harvested. The cell pellets were solubilized in 9 M urea-50 mM Tris-HCl (pH 7.4)-0.15 M ␤-mercaptoethanol, and aliquots containing 50 g of protein were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to nitrocellulose filters, and the Ad12 E1B 54K protein and p53 were detected with antibodies XPH9 and SAPU (a polyclonal sheep anti-human p53 kindly supplied by D. Lane, University of Dundee), respectively (29) . p21
Sdi1Cip1Waf1 and p16 INK4A were detected with a rabbit polyclonal serum (Santa Cruz Biotechnology, Inc.).
RESULTS

Growth properties of Ad12 54K-expressing rodent cells.
BMK or BRK cell cultures were infected with either AMNeo-1 or AM-Ad12 54K at a multiplicity of infection of 2. Cells were selected with G418 (500 g/ml) 2 days postinfection (p.i.). In virus-infected cultures, very few cells died within 10 days of starting selection, providing some evidence of an efficient infection. Over the same period, all of the cells on mock-infected control dishes exposed to G418 died. At 3 days after infection with AM-Ad12 54K, immunofluorescence microscopy revealed that between 94 and 97% of the rodent cells were positive for E1B 54K protein expression by using an Ad12 E1B 54K monoclonal antibody (53) . As previously reported for the intact E1B region (65), we observed no morphological changes to the rodent kidney cells (they retained their epithelial morphology) infected with AM-Ad12 54K up to 6 weeks p.i. However, in both BMK and BRK cultures infected with AM-Neo-1 virus, the epithelial cells started to die around 4 to 5 weeks p.i. but colonies of fibroblasts continued to proliferate. These cultures failed to proliferate following the fourth passage, with a split ratio of 1:5. In contrast, there was no evidence of loss of proliferative capacity in AM-Ad12 54K-infected BMK or BRK cultures. Following the third passage of BMK cells expressing the 54K protein, morphologically altered colonies of more tightly packed cells with a high mitotic index became apparent, and they completely took over the culture during the fourth passage. Similar morphological changes occurred in the 54K ϩ BRK cultures at passage 5, and the morphological variants predominated in the culture by passage 7. These findings implied that the presence of the 54K protein extended the life span of rodent cells and that other genetic changes took place during this extended growth phase. Cytogenetic studies revealed that the morphological variants developed due to genetic instability in the 54K ϩ cultures (data not shown). The morphological and genetic changes did not represent malignant events, because no tumors were observed when these 54K ϩ cells were inoculated into athymic nude mice (25a). Growth properties of Ad12 54K-expressing human cells. To provide a potentially more stable genetic background, HSFs and human fetal epithelial kidney (HEK) cells were infected with AM-Ad12 54K. Before this was carried out, the normal adult human skin fibroblast strain HSFB1 was assessed for its life span in culture. Cultures were passaged on a 1:3 split until they entered the senescence phase of growth. HSF-1 cultures were also infected with AM-Neo-1 to examine their clonogenic potential. The life span of G418-selected HSFB1 clones was compared to that of continually passaged HSFB1 cultures. The mean number of PD at the time of entry into senescence (Fig.  1A) for HSFB1 G418-resistant clones was 44 (ranging from 38 to 48) compared to 48 (ranging from 42 to 52) for the nonselected HSFB1 cultures. This control experiment showed that there was nothing unusual about the ability of the HSFB1 cell strains to enter the senescence pathway (6, 39, 61, 70) .
A total of 2 ϫ 10 5 HSFB1 cells already at 40 population doublings (Fig. 1B) (note that postmitotic senescent cells, which were large, flat, and multinucleate, were already appearing in these cultures) were infected with 8 ϫ 10 5 CFU of AM-Ad12 54K per ml. Immunofluorescence microscopy was used to show that in the AM-Ad12 54K-infected cultures, over 90% of the fibroblasts were 54K positive 3 days p.i. Following G418 selection (500 g/ml) of AM-Ad12 54K-infected HSFB1 cell cultures for 4 weeks, more than 100 healthy colonies of fibroblasts were observed per 9-cm dish of infected cells. No fibroblast colonies survived in parallel cultures of HSFB1 cells infected with AM-Neo-1. A colony was isolated from each of six independent dishes (designated HSFB1/54K-A to HSFB1/ 54K-F) of G418-selected AM-Ad12 54K-infected HSFB1 fibroblasts, trypsinized, and then expanded. It was clear from this initial experiment that the presence of the 54K protein had significantly extended the culture life span, in that the life expectancy of these cultures, if unmodified, would have been only a further 8 PD and all of the G418-resistant colonies isolated were expanded up to 4 ϫ 10 6 cells in the first instance (equivalent to an additional 22 PD). Evidence that these HSF cell strains expressed 54K was provided by immunofluorescence and Western blotting (see below). The six 54K-expressing cell strains were then subcultured 1:4 on a continuous basis to assess longevity. The life span of these 54K ϩ strains, including the initial 40 PD prior to infection, ranged from 120 PD (clone B) to 166 PD (clone C) (Fig. 1D ). In addition, two of these 54K ϩ cell strains (B and D) were further subcloned. It was observed that in the subcloning experiment, total number of PD exceeded that seen with the parental strain. For strain B the parental line survived to 120 PD while the subclones survived to 130 PD, and for clone D the parental strain survived to 100 PD while the subclones survived again to 130 PD. We currently have no explanation for this observation. During the expansion of these 54K ϩ human skin fibroblasts, there was no evidence of morphological change (Fig. 1C) , acquisition of reduced serum requirement, or anchorage-independent growth (data not shown). That the expression of 54K protein in these normal human cells was responsible for the extended life span was confirmed by using HSFs from another donor, HSFB2. These HSFs showed the same extended life span following the introduction of Ad12 54K (data not shown). When the 54K
ϩ HSFs finally enter the M2 senescent growth phase, they are morphologically indistinguishable from normal senescent HSFs, and they also express the senescence-associated ␤-galactosidase (SA-␤-Gal) (19) (data not shown).
It has been reported that there are tissue-specific mechanisms involved in the control of the M1 stage of cellular immortalization (61), and with this in mind, secondary cultures of HEK cells were infected with either AM-Neo-1 or AM-Ad12 54K. Although G418-resistant colonies developed in the secondary HEK cultures infected with AM-Neo-1, they could not be subsequently subcloned (a life span of less than 20 PD). However, following AM-Ad12 54K infection, 10 G418-resistant (250 g/ml) 54K ϩ HEK colonies that were picked expanded and were shown to have life spans ranging from 60 to 93 PD (Fig. 2E) . In agreement with the data derived from the fibroblast experiments, extended growth potential was not ac- companied by morphological changes (Fig. 2B to D) . It should be noted that secondary HEK cultures are a mixture of cell types with different epithelial morphologies. 54K ؉ HSF senescent cultures are not irreversibly postmitotic. To examine whether 54K ϩ senescent cultures were irreversibly postmitotic, two of the HSF 54K ϩ cell strains (HSF 54K-C and HSF 54K-E) which had been maintained in 175-cm 2 flasks (7 ϫ 10 6 cells in total per cell strain) as senescent cultures for 16 weeks were infected at a multiplicity of infection of 50 PFU per cell with Ad5.SVR4. This recombinant Ad, containing the SV40 early region in place of Ad E1A and E1B, efficiently delivers expression of both Tag and tag to human cells (25a). Ad5.SVR4-infected cultures were examined daily, under high-power phase-contrast microscopy, for cells in metaphase. Mitoses first became apparent 48 h p.i., and the number of cells in metaphase increased until 6 days p.i., when 12% of the cells in HSF 54K-C and 7% of the cells in HSF 54K-E were mitotic. A high proportion (greater than 80%) of the mitoses were abnormal, with large polyploid metaphases and aberrant spindles being the most common features. No evidence of mitosis was observed in parallel mock-infected senescent cultures. At 7 days after infection with Ad5.SVR4, cells started to die and were shed into the tissue culture medium so that by 16 days p.i., approximately 75% of the culture had been depleted; there was no evidence of cell death in the mock-infected senescent cultures. There was a possibility that the cell death seen in the Ad5.SVR4-infected cultures was due to Ad5 replication, either as a result of a low level of wild-type virus being a component of the seed stock or as a result of the E1B protein and the SV40 Tags providing complementing functions for replication. This was ruled out by collecting dying cells and examining them by immunofluorescence for Ad5 structural proteins with a rabbit polyclonal antiserum raised against SDSdisrupted purified virions. No evidence of Ad5 replication was detected, and therefore the reason for the cell attrition following Ad5.SVR4 infection remains unresolved. However, infection of 54K
ϩ HSFs in the exponential phase of growth did not induce cell death. The Ad5.SVR4 virus dose used to induce mitosis in the senescent 54K
ϩ HSFs would give rise to over 200 transformed foci in cultures of exponentially growing HSFs (25a) . No transformed foci were observed in the Ad5.SVR4-infected 54K ϩ senescent cultures 6 weeks p.i., however, mitotic cells were still evident, and there was a limited sign of focal proliferation (four to nine colonies per 175-cm 2 flask). We therefore conclude that the 54K ϩ senescent HSFs were not irreversibly postmitotic and that expression of SV40-transforming proteins in these cells only leads to limited additional proliferation.
Expression of 54K, p53, p21
Sdi1Cip1Waf1 and p16
INK4A in 54K
؉ human cell lines. We and others (29, 52) have previously shown that expression of Ad12 E1B 54K in both rat and human Ad12 E1-transformed cell lines significantly enhances the expression of p53 and that E1B 54K expression is an essential component of Ad12 tumorigenicity (14, 24) . In addition, expression of the 54K protein inhibits p53 transcriptional activity (31, 72, 73) . Western blot analysis was carried out on both 54K
ϩ HSF and HEK cell strains to examine the levels of p53 and 54K. Figure 3A demonstrates that all the cell strains which express 54K had elevated levels of p53, with a correlation between the levels of expression of the two proteins. For example, lanes 3 and 4, which show the highest level of expression of 54K, also showed the highest level of p53, and, conversely, lanes 7 and 8, which show the lowest level of 54K, also consistently expressed lower levels of p53. These data conclusively show that the E1B 54K protein makes a considerable contribution to the high levels of p53 seen in Ad12 E1-transformed human cells. Interestingly, significantly higher levels of 54K protein as well as p53 were observed in the HEK strains than in the HSF strains. Figure 3A shows that the normal endogenous level of p53 was higher in the HEK cells (HEKlane C) than in HSFB1 fibroblasts (HSF lane C). It is possible, therefore, that the higher initial levels of p53 in the HEK cells require higher levels of 54K expression to produce the same effect on p53 activity.
Senescent cultures of HEK and HSFB1 54K ϩ cells were examined by both Western blotting (data not shown) and immunofluorescence (Fig. 4C ) and shown by both techniques to be expressing 54K protein. Therefore, the entry of these cells into a senescence phase was not simply due to the loss of 54K expression. There was also no evidence of a change in p53 levels or of increased expression of the senescence-induced cell cycle-dependent kinase inhibitory protein p21
Sdi1Cip1Waf1 or the up-regulation of another known cell cycle kinase inhibitor, p16
INK4A (Fig. 3B) . Figure 3B shows the results of Western blotting studies obtained for three 54K
ϩ HSF cell strains growing exponentially and 12-week senescent cultures, one 54K ϩ HEK cell strain growing exponentially, and a 12-week senescent culture, normal HSF cultures entering the senescence phase (70% senescent), and 12-week senescent cultures of normal HEKs and HSFs. p16
INK4A expression was observed only in the very senescent normal cells, whereas p21
Sdi1Cip1Waf1 was also easily detected in a normal HSF culture entering the senescence phase. p21
Sdi1Cip1Waf1 could also be detected by overexposure of the Western blot in all 54K ϩ cell strains, in both senescent and exponentially growing cultures. However, the level of expression was at least 50-fold lower than that seen in normal HSFs entering senescence (Fig. 3B, lane 7) . Because 100% of the cells in the 54K ϩ senescent cultures were fully senescent, as judged by SA-␤-Gal expression, we conclude that neither p21 nor p16 participates in the entry of 54K ϩ cells into the senescence pathway or maintains the senescence phenotype.
Cellular localization of p53 and 54K in 54K ؉ HSF and HEK cell lines. To determine the cellular distribution of both p53 and 54K proteins in the 54K-expressing cell strains, we used confocal microscopy and performed dual immunofluorescence staining with anti-p53 and anti-54K monoclonal antibodies (PAb 1801 and XPH9, respectively). In 100% of the HSF and HEK cells, the 54K and p53 proteins were localized to the nucleus and there was additional staining in the cytoplasm of some cells. Cytoplasmic p53 was always colocalized with 54K; 54K was observed as multiple flecks (Fig. 4A and B) . However, cytoplasmic dense bodies containing only 54K protein were more frequently observed than those with both p53 and 54K. The nuclear distribution of both proteins was variable, being both diffuse and associated with nuclear aggregates (Fig. 4A  and B) . In contrast to the distribution of p53 in the cytoplasm, there was good evidence that not all of the p53 and 54K colocalized in the nucleus and that this was true for dispersed and aggregated forms of these proteins (Fig. 4A and B) .
Telomere length and telomerase activity in 54K ؉ HSF and HEK cell lines. Evidence has been presented that the senescence pathway in human cells is activated when telomeres have been eroded to a critical level (34, 37) and that telomerase is activated in most human cells immortalized by DNA tumor viruses (10) . Studies were therefore undertaken to examine the status of the telomeres and telomerase in 54K ϩ human cell strains. The TRF length was measured for each strain at various stages of growth until senescence by probing Southern blots with a telomere-specific probe. Sample Southern blots for primary and 54K
ϩ HSF and HEK cell strains are shown in Fig.  5A and 6A. The average molecular mass of each band detected on all the telomere blots is shown graphically in Fig. 5B and 6B.
The low-passage uninfected control HSF cells showed a characteristic smear of TRF DNA from approximately 19 to 4.5 kb, with an average molecular size of 9.5 kb (Fig. 5A) . cells decrease in size by Ϸ44 bp per generation, in agreement with previous estimates (33, 76) . After prolonged passage, some discrete higher-molecular-mass bands start to appear, and these also decrease in size after further passage. The 54K ϩ HSF strains E and F (Fig. 5A ) again have the bulk of the TRF DNA in a lower-molecular-mass smear (Fig. 5A ), but there are also one or more discrete high-molecular-weight bands of telomeric DNA. Some of these bands correspond approximately to the bands seen in the control HSF cells at 40 PD, the point at which the 54K-expressing construct was introduced into the cell line. However, in contrast to the control cells, these TRFs did not alter significantly during the lifetime of the cells, even after 154 PD just prior to senescence. Other 54K ϩ HSF cell strains showed bands with various molecular sizes ranging from Ϸ4 to Ϸ16 kb (Fig. 5B) , which either remained at the same molecular size (e.g., HSF/54K-F) during passage (Fig. 5A) or demonstrated the appearance and disappearance of bands with differing molecular sizes during passage (e.g., HSF/54K-C) (Fig. 5B) , suggesting that recombination events were occurring in the telomeric DNA.
The primary HEK cells also showed a characteristic continuous smear of DNA centered around 11 kb (Fig. 6B ). These cells are obviously younger than the adult HSF cells and hence had longer telomeres. After the introduction of the Ad12 54K gene, the TRF DNA split into several discrete bands, ranging from sharp high-molecular-mass bands of up to 17 kb to diffuse low-molecular-mass smears of Ϸ6 to 7 kb (Fig. 6A) . The molecular mass of most of these bands decreased slowly during the lifetime of the cells, with an apparent overall value of Ϸ21 bp/generation, slower than that seen in normal cells. In addition to this overall decrease of all the bands, novel high-molecular-mass bands appeared and disappeared during passage (Fig. 6) . For example, a band of Ϸ16 kb appeared between PD 39 and 41 of HEK/54K-E, and a strong band of Ϸ12 kb disappeared between PD 61 and 75 of HEK/54K-G (both bands are marked with arrowheads). That the high-molecular-mass bands seen in the 54K ϩ cell strains are telomeric was demonstrated by incubation of the intact chromosomal DNA with BAL 31, a double-strand exonuclease. All of the high-molecular-mass bands (Fig. 5A and 6A ) reduced in size, at a rate proportional to their length, on digestion with BAL 31. The low-molecular-mass bands at the bottom of the gels (Fig. 5A  and 6A ) are internal or subtelomeric sequences and are protected from BAL 31 digestion; therefore, they retain their original molecular mass following exposure to the exonuclease (the apparent small decrease in the size of these bands in Fig.  5A is an artifact of the gel).
All of the uninfected and 54K-expressing human cell strains were assayed for telomerase activity (Fig. 7) by a PCR-based assay (47) . Ad5/293 is an Ad5 DNA-immortalized HEK cell line (28) , which has previously been shown to contain telomerase activity (10, 15) . A ladder indicating telomerase activity is clearly visible when 10 4 293 cells are used (the activity was also detected with 10 3 293 cells [data not shown]). However, telomerase activity could not be detected in 10 5 cells of any of the 54K-expressing cell strains, at low or high passage levels. Telomerase activity was also not observed in the noninfected HSFB1 or HEK parental cultures (data not shown). That the lack of detectable telomerase activity is not due to a telomerase inhibitor in the cell extracts was demonstrated by including 10 4 293 cells in each of the other cell extracts and repeating the assay. No loss of telomerase activity was seen under these conditions (data not shown).
DISCUSSION
It has been known for many years that normal human cells have a finite life span (38, 39) and are genetically more stable than rodent cells (20, 43) . However, most mammalian cells enter a postmitotic phase, termed senescence, following multiple passaging in tissue culture. There is now good evidence that this process also occurs in somatic cells in vivo (19) and is therefore likely to be a natural checkpoint to cell growth that must be overcome before the onset of immortalization in vitro and possibly malignancy in vivo.
Recent studies have shown that the Ad large E1B protein inhibits the transcriptional transactivation functions of the tumor suppressor protein p53 (31, 63, 72, 73) and that this is most likely to be a crucial component of Ad transformation. Efficient transformation of both rodent and human cells by Ad DNA requires E1B to cooperate with E1A to produce cells with unlimited growth (13, 24) . In addition, we have reported that Ad12 mutants, defective for 54K expression, have a dramatically reduced capacity to transform rat cells and induce tumors (14) . However, it has previously been reported that expression of the whole E1B transcription unit in rodent cells has little impact on cell morphology and growth behavior (65) , although it should be noted that this investigation did not examine the long-term consequences of E1B protein expression. In the present study, we have shown that the Ad12 E1B 54K protein can significantly increase the life span of both rodent and human cells in culture. Initially, the morphology of 54K ϩ rat and mouse kidney cells was normal, but after a limited number of tissue culture passages, morphological variants with some features of partially transformed cells (more tightly packed with a high mitotic index) outgrew the "normalappearing" cells. These 54K ϩ rodent cells were cytogenetically abnormal but nontumorigenic (25a). In contrast, 54K ϩ human dermal fibroblasts and kidney epithelial cells did not sponta- neously change morphology or alter their in vitro growth properties during the extended M 1 growth phase. This may be explained by the observation that no cytogenetic instability was observed in any of the human 54K ϩ cell strains until they reached a presenescence phase of growth when polyploidy and aneuploidy predominated and the presence of dicentric chromosomes and chromosome fragments became evident (25a). When the 54K ϩ HSFs enter the M 2 stage of growth, they are indistinguishable from normal senescent cells in that the cultures remain postmitotic and viable for months, contain a high proportion of flat giant or multinucleate cells, and express SA-␤-Gal (19) .
Although our study demonstrates that human cells expressing the Ad12 E1B 54K protein bypass the M 1 stage of cellular senescence and have a considerably extended life span, they nevertheless still enter the M 2 senescence phase (crisis), from which they do not escape. The signal for entry into senescence is not due to the loss of 54K expression (Fig. 4C) . Also we found no evidence that the late entry into M 2 was due to the up-regulation of p21
Sdi1Cip1Waf1 (22, 35, 57) induced by p53-dependent (22) or -independent mechanisms or to up-regulation of p16
INK4A (Fig. 3B ). In contrast, it has been reported that SV40-transformed human fibroblasts show increased levels of p21
Sdi1Cip1Waf1 mRNA as these cells progress to the M 2 senescence phase; however no evidence of changes in p21 protein levels were presented (64) . If the p21 protein level does increase in SV40 transformed cells entering the M 2 phase of growth, there is a clear difference between this and our findings with senescent 54K ϩ cells. Studies carried out on human cells with the transforming proteins of HPVs (48, 61) indicated that the E6 protein, which targets p53 for ubiquitin-mediated degradation, extends the life span of human epithelial cells but not to the same degree as E1B 54K does (48, 61) . The difference observed between the life span extension produced by HPV16 E6 and that produced by 54K may be because 54K stabilizes p53 rather than causing p53 to be rapidly degraded. Of interest was the observation that senescent 54K ϩ fibroblasts can be stimulated back into mitosis by the expression of SV40 Tag and tag. This shows that when 54K ϩ cells enter the senescence pathway, it is not due to loss of gene functions regulating mitosis. In the future, we intend to carry out experiments on 54K ϩ cells prior to their entry into the M 2 phase to see whether Tag or tag can individually further extend the life span of the 54K ϩ cells. The confocal microscopy studies (Fig. 4A and B) support our previous biochemical analysis (30) (31) (32) showing that Ad12 54K and p53 colocalize in the nucleus and cytoplasm of 54K ϩ cells, although there is a significant proportion of each protein that is not physically associated with the other (30) . However, we (31, 32) and others (63) have shown that the presence of the E1B protein stabilizes p53 and inhibits p53 transcriptional activity, thus implying that 54K can inhibit p53 transcriptional activation without binding all of the p53 molecules present in the cell. The present study clearly demonstrates that stabilization of p53 and therefore overexpression can be accomplished by the 54K protein alone, and we can conclude that the presence of the 54K protein in E1 transformed human and rat cells contributes significantly to the high level of p53 seen in these cells (29) . Thus far, the 54K protein has not been observed to bind to or to have any effect on cellular proteins other than p53, but it can act as a potent transcriptional repressor when recruited to a promoter via its interaction with p53 (72, 73) . The extended life span observed in our studies is therefore most probably due to abrogation of p53 function. Support for this comes from the experiments with HPV16 E6 and SV40 and from recent studies in which it was shown that transfection of a p53 dominant-negative mutant into normal human cells extends their life span in culture (7), although not to the degree reported here.
It has recently been suggested that one function of p53 may be to detect critical-length telomeres as a form of DNA damage and initiate the senescence pathway (71) . The same group has provided evidence, obtained with HSFs, that transcriptional activation by p53 plays a direct role in activation of the senescence phase of growth (8) . This implies that ablation of p53 function (in our case by the expression of Ad12 54K) is one route to permit human cells to bypass the normal M 1 check point.
The behavior of the TRFs in the HEK cell lines expressing 54K correlates to some extent with previously reported results; these cells do not appear to express telomerase, and the bulk of the telomeric DNA apparently reduces in size, although at a lower rate than that described for normal cells (33) . However, long TRFs appear and disappear during passage in a manner reminiscent of the rapid acquisition of telomeric DNA on a single chromosome in cells which do not express telomerase (56) . This rapid change in telomere length was postulated to be due to nonreciprocal recombination between telomeres, as has been demonstrated to occur in Saccharomyces cerevisiae (66) . It is intriguing that the 54K ϩ HSF cell strains E and F, which have apparently stable telomeres, do not appear to express telomerase. Although most immortal cell lines have stable telomeres and express telomerase (10, 17, 47) , some immortalized lines lack telomerase activity, and in every case these cell lines had very large (Յ50-kb) and heterologous TRFs (10) . The Southern blots in Fig. 5 and 6 show only the overall TRF length on all the chromosomes, and it is possible that this masks underlying changes similar to those that occur in the 54K-expressing HEK cells and in the other 54K ϩ HSF cell strains. The same mechanism may therefore be responsible for the maintenance of telomere length in these HSF cell strains. Interestingly, unlike the situation with 54K ϩ cells, it has recently been reported that a proportion of human epithelial cells expressing the HPV16 E6 gene product show low levels of telomerase activation (49) . However, the activation of telomerase was not in itself sufficient to produce immortalization.
It has been suggested that entry into crisis is due to erosion of telomeres to a critical length and that escape from crisis is possible only when cells have activated telomerase (34, 61) . The cell strains described in the present study do not appear to have reached this critical limit when they enter senescence, and, indeed, in the 54K ϩ HSFs telomere attrition is considerably reduced, such that the telomeres do not appear to reduce in size at all. It therefore seems unlikely that the signal for late entry into the senescence pathway seen with the 54K ϩ cells derives from the length of the telomeres, although it is possible that a small proportion of the telomeres in such a heterogeneous population are of a length that will signal entry into senescence. This could be due to loss of functional sequences adjacent to telomeres at the chromosome ends or to the loss of chromosomes with the development of aneuploidy.
To date, the only reported effects of the large E1B proteins in human cells are the blocking of wild-type p53 activity and the regulation of the levels and transport of late viral and cellular mRNAs during permissive viral infection (1, 58) . The data presented here indicate that the presence of 54K in some way interferes with telomere metabolism. If this is due solely to 54K ablation of p53 transcriptional activity, it is possible that one of the functions of p53 is to prevent, directly or indirectly, aberrant or nonreciprocal recombination between telomeres during normal cell replication. Very high molecular weight heterogeneous and rapidly changing telomeres have previously been seen in the absence of telomerase activity in a proportion of SV40-or HPV16-immortalized human cells and immortal Li-Fraumeni cells. These cell lines do not have functional p53, and these aberrant telomeres may be generated by a similar mechanism, as in the 54K ϩ cell strains reported here. Such instability of telomeric DNA may explain one of the effects of the loss of wild-type p53 activity, i.e., the genomic instability and/or chromosome loss that is observed in the absence of functional p53 (36, 51) . In support of this hypothesis, it has recently been shown that there is an inhibitory effect of p53 on homologous recombination of SV40 chromosomes (69) . In addition, p53 has been implicated in the regulation of centrosome duplication (23) , and therefore the transcriptional regulatory functions of p53 may not be uniquely important to cell cycle control and life span regulation.
Evidence has accumulated that the life span of cells in culture can be extended by interfering with p53 and/or Rb functions (9, 61) and that senescence may be the result of increased expression of p21
Sdi1Cip1Waf1 or p16 INK4A . The finding that there was no increased expression of either of these cell cycledependent kinase inhibitors in the senescent 54K ϩ human cells suggests that human cells have additional senescence pathways which are independent of p16 and p21.
Finally, Ad12 54K protein may have functions apart from p53 inactivation, and we are currently investigating this possibility.
